[1] Observations of sea-ice draft from submarine cruises in much of the Arctic Ocean show that the ice cover was unusually thin in the mid-1990s. Here we limit our examination to digitally recorded draft data from eight cruises spanning the years 1987 to 1997 and find a decrease of about 1 m over the 11-year span. Comparisons of our modeled draft with observed draft show good agreement in the temporal change. Comparing average draft over entire cruises, the RMS discrepancy between modeled and observed draft is 0.3 m and the correlation is 0.98. Agreement in the spatial patterns of draft is somewhat lower; the RMS discrepancy of 50-km averages of draft is 0.7 m and the correlation is 0.73. We review reports of interannual variations of ice thickness or volume from other model studies. All models agree that thickness decreased by between 0.6 and 0.9 m from 1987 to 1996. Our model shows a modest recovery in thickness from 1996 to 1999. For the 1950s, 1960s, and 1970s, models tend to disagree on the size and to a lesser extent the timing or phase of interannual variations. 
Introduction
[2] As the observational record of the Arctic Ocean has improved in the last several decades, a great deal has been learned about the variability of the arctic atmosphere, the ocean, and its ice cover. Changes during these decades are now well simulated by numerical weather prediction model reanalyses and well documented by data from numerous field and ship expeditions, drifting buoys, satellites, and submarines. From many of these data sets, a picture has emerged of interannual variability unimaginable 30 years ago.
[3] Several authors have addressed the interannual changes in ice draft observed by submarines from the late 1980s until 1997. Analyses are complicated because data from submarine cruises are sparsely distributed by season, year, and region. Various authors have analyzed different data sets. Here the discussion is based solely on digitally recorded submarine data. Limiting our considerations to digitally recorded data avoids any uncertainty in comparing these data with (earlier) data recorded on paper charts and later digitized. These published submarine observations are summarized in Table 1 and in Figure 1 . The data from columns 2, 4, and 5 of Table 1 are plotted for each region in Figure 2 . Observations from mixed seasons (Figure 2 , black) carry less weight in our opinion for studies of interannual draft variations, since they rely heavily on corrections for, or are intermingled with, an annual cycle of about 1 m. The differences in Figure 2 between observations within each region are generally attributable to differing observing seasons, not to discrepancies in the analyses of the data.
[4] The observational evidence seems strong that ice draft in the western Arctic Ocean, on transects roughly following 150°W from the North Pole to the Beaufort Sea, and in a large portion of the central Arctic Ocean, has declined substantially during a decade of observation. The North Pole itself shows little change over two decades. Two other reported values (of an increase in the Nansen Basin and a decrease in the eastern Arctic) are based on data too sparse to be given much weight [Rothrock et al., 1999, Table 2 ].
[5] Simulated ice thickness reveals detailed long-term variability not captured by the existing observational record. Figure 3a shows the Arctic annual mean thickness for about 50 years, as simulated by our ice-ocean model (described below). Much about the figure is striking. The lowest ice thickness in the entire 50 years appears in the mid-1990s, near the end of the record, when the ice is 2.1 m thick. This is fully 1.4 m thinner than the 3.5-m maximum in 1966, a decrease of some 40%. There was another strong maximum of 3.0 m in 1987. Over 50 years the mean thickness is 2.9 m, with a standard deviation of 0.33 m. Changes of one-half meter within several years are common. The messages are that large changes in ice thickness are consistent with the known (modeled) physics and with the known variations in atmospheric forcing, and that there was a remarkable decline in modeled thickness during the period 1987 to 1996. This decline occurred in both the eastern and western longitudes of the Arctic Ocean (Figure 3b ), more strongly in the eastern sector. The decline continued more persistently in the western Arctic, whereas the eastern Arctic experienced some recovery after 1995. The thickness in the two basins tends to move in concert with the notable exception of 1973 to 1980. The decline from 1987 to 1996 is evident in both winter and summer ( Figure 3c ). Comparable results from other models are reviewed below.
[6] Here we wish to illustrate the interannual changes in sea ice draft during 11 years of digitally recorded submarine observations from 1987 to 1997, to show the overall picture of interannual variability of ice thickness given by our iceocean model, and to examine the consistency between the ice thickness in models and in observations. A trusted consistency would allow the use of models to search for causes of ice thickness changes, which are difficult to identify from observations alone. Finally we discuss the interannual variation of thickness in several simulations and offer some conclusions.
Submarine Observations of Sea Ice Draft
[7] Between 1958 and 2000 there have been about 63 cruises under sea ice by U.S. Navy submarines; many of the data and ship tracks are classified. In the 1990s, there were six unclassified SCICEX cruises (Scientific Ice Expeditions) with civilian scientists participating in cruise planning. The U.S. cruises have ranged widely over the Arctic Ocean. Data collected more than 200 miles from non-U.S. territories in a central Arctic region referred to as the SCICEX Box (Figure 1 ) are eligible for declassification and public release. Dates on some cruises are given only to within a 10-day window. The U.S. data, much of it still classified, are archived at the Arctic Submarine Laboratory in San Diego, CA. There are also data from a half dozen British naval submarine cruises, whose range includes the Greenland Sea to the North Pole and the Lincoln Sea. Several groups have worked and continue to work to prepare all these data for public release; data are available through the National Snow and Ice Data Center (NSIDC; see Acknowledgment).
[8] To operate in ice-covered waters, these submarines require knowledge of the ice cover above them and are equipped with an upward-looking sonar that measures the distance to the bottom of the ice. A pressure sensor provides the distance to the sea surface. The difference between the two distances is ice draft. About 89% of the ice thickness is under water and seen as draft. There are many uncertainties in these observations of ice draft, arising from uncertain sound speed, changing sea level pressure, the finite sonar transducer beam width, and spurious returns. All data have been recorded on paper charts. Between 1976 and 2000 the U.S. Navy submarines also digitally recorded these data. Spurious data are removed and straight and level cruise segments selected for analysis. A single correction is performed to remove bias: open water segments are identified on the paper chart record by its ''grassy'' appearance, and an open water offset is interpolated into the record to provide the correct ''zero'' for the draft measurement. The precision (relative error) from ping to ping is estimated to be 0.3 m, and the overall accuracy of a 50-km mean draft, 0.15 m [McLaren et al., 1994] .
[9] Here submarine ice draft data from eight cruises from the years 1987 to 1997 (Figure 4 ) are analyzed in comparison with modeled thickness. All these data are available at the NSIDC and were digitally recorded; here we have avoided comparing digitally recorded data with data recorded on paper charts and subsequently digitized. On In column headings, ''early'' and ''later'' refer to the beginning and end of the period for each investigation. [10] The mean draft from each cruise is shown by the open symbols in Figure 5a . The data show a steady decline in ice draft, in both the winter and summer, of over 1 m during these 11 years. The trends are À0.16 m yr À1 in winter and À0.11 m yr À1 in summer. Similarly, the data ( Figure 5b ) reveal a gradual decrease by roughly half in the fraction of thick ice.
[11] The fact that cruises in different years sample different regions of the Arctic Ocean raises the question of whether the trends seen in Figure 5 , for instance, are the result of sampling variations rather than passing years. We use our model to 
Comparing Modeled and Observed Draft
[12] The ice-ocean model used here has the components listed in Table 2 and described in more detail in Appendix A. Surface forcing consists of daily surface air temperature and sea level pressure from the National Centers for Environmental Prediction (NCEP) reanalysis for 1948 to 1978, and, for 1979 to 1999, temperature and pressure data from the International Arctic Buoy Programme (IABP). Switching to the IABP data in 1979 does not significantly change the time history of average arctic ice thickness but does somewhat alter the spatial patterns of thickness. [13] How well do the model and the observations agree? Draft varies with location, time of year, and year. The basic method of comparison is this. First, modeled thickness is multiplied by 0.89 and called modeled draft. Then, from the daily modeled field, the mean draft for the same segment as the observational mean is computed. The effect is to reenact the submarine cruise under the modeled ice cover. The fundamental data set for comparison consists of records representing roughly 50-km means of draft from the submarine data and from the model along with location, date, track length, cruise identifier, etc.
[14] The first comparison made is for an average of all data from each cruise: eight cruises, eight means ( Figure   5a ). As in the observations, the model shows a decline in both summer and winter. The agreement between observations and the model is compelling; the RMS difference is 0.28 m, whereas the range of the observations is 2.8 m. The model tends to overestimate the concentration of thick ice by about 0.1 (Figure 5b ), yet the modeled decline in thick ice seems to strongly mimic the observed decline.
[15] The same data comparing modeled with observed cruise means are shown as scatterplots in Figure 6 . Both Figures 5 and 6 show that the model seems to underestimate draft for thicker (winter) ice and to overestimate it for thinner (summer) ice. They show that, although the model underestimates the range of mean draft, with whole-cruise (large-sample) averages, the model and data agree quite well. [16] When the individual data points (the nominal 50-km means) are compared, the agreement is not as good ( Figure  7) . On a cruise-by-cruise basis (indicated by different colors and symbols), the real ice cover has more variance (abscissa) than the modeled ice cover (ordinate). The variance left in the record and the RMS discrepancy depend on the length scale of the averaging (Table 3) . Thus, it appears that the spatial patterns of variability are not captured as well by the model as the arctic-mean temporal variability; the agreement is better when the spatial scale is increased by averaging.
[17] Figure 8 shows the composites of all summer and all winter data: modeled and observed. In general, the modeled winter thickness is a bit thinner than observed; the modeled summer thickness is somewhat greater than observed, particularly in the Beaufort Sea. Neither modeled field shows as strong a gradient across the figures (from Alaska to Spitzbergen) as observed. This spatial pattern of the discrepancy is seen more clearly in Figure 9 . The model overestimates ice draft (reds) in the Beaufort Sea and eastern Arctic Ocean. The model tends to underestimate draft (blues) near the pole and north of about 80°N in the Canada Basin. The RMS discrepancy is 0.73 m (from Table  3 ). The same pattern of discrepancy occurs in the concentration of ice thicker than 4 m (not shown); the model shows more thick ice than observed both in the Beaufort Sea and in the eastern Arctic Ocean toward the Laptev Sea.
Discussion

Interannual Variation of Thickness in the Present Simulation
[18] The modeled mass of ice in the Arctic Ocean is quite variable on decadal timescales (Figure 3 ). The range in thickness over 50 years is 1.4 m, from an Arctic Ocean annual mean of 3.5 m in 1966 to 2.1 m in 1996. There was a 50-year maximum in 1966, another strong maximum in 1987, and a strong decline from 1987 to 1997. The peak in 1987 and the subsequent decline seem to derive more strongly from the eastern Arctic Ocean but are evident in both eastern and western sectors. The interannual variability of temperature and of a pressure pattern index is captured in Figure 10 . Of note are the minima in both the temperature and the North Atlantic Oscillation (NAO) index in 1963-1964 and, in the latter decade of the record, the elevated temperatures and NAO index. The elevated temperature would be in equilibrium with a thinner ice cover.
[19] To illustrate the recent change regionally, Figure 11 shows the trend in modeled thickness from 1987 to 1999. It is in agreement with that shown by Hilmer and Lemke [2000] . The trend is most strongly negative in the East Siberian Sea and in the corridor from there to Greenland, which are the regions most strongly affected by the changed ice circulation from 1989 to 1998 [Rigor et al., 2002] . During the 1980s, these regions were supplied with ice recirculating in the strong Beaufort anticyclonic gyre; when the Icelandic cyclonic circulation strengthened during the late 1980s and 1990s (high NAO index in Figure 10b ), these regions were supplied with younger ice from the Laptev Sea. Tucker et al. [2001] suggest that the weaker Beaufort gyre and invasion of younger ice from the Laptev Sea caused the observed thinning along the submarine transects from the North Pole to the Beaufort Sea. High NAO also signals a more vigorous evacuation of ice from the central Arctic Ocean through Fram Strait, leaving younger, thinner ice behind.
Thickness in Other Simulations
[20] A number of papers describing ice models and their behavior report the interannual change in ice amount Ocean model: baroclinic model with an embedded mixed layer; 21 vertical levels; ice-ocean coupling [Zhang et al., 1998 ] Ice model: 12 thickness categories each for undeformed ice, ridged ice, ice enthalpy, and snow depth [Thorndike et al., 1975; Flato and Hibler, 1995; Zhang and Rothrock, 2001 ] Ice thermodynamics: one snow layer and two ice layers [Winton, 2000] Ice dynamics: viscous plastic [Hibler, 1979] ; momentum equation solved using Zhang and Hibler [1997] Here the given annual mean volumes are converted to annual mean thickness, dividing by the reported annual mean extent or our best estimate of it for the particular domain; where the annually varying extent is given, first seasonally varying thickness and then its annual means are computed. Our intention here is simply to illustrate the range of results found in the literature for this one variable, not to undertake a model intercomparison study.
[21] The resulting estimates of thickness are shown in Figure 12 (upper). There are large discrepancies in the mean thickness that cannot generally be accounted for by different model domains. Most model domains are the same: the Arctic Ocean, and the Barents, Kara, and Greenland-Iceland-Norwegian seas. The domain of Holloway and Sou [2002] excludes part of the Greenland-Iceland-Norwegian seas. The domain of Hilmer and Lemke [2000] includes Baffin Bay and that of Chapman et al. [1994] includes Baffin and Hudson bays and the Bering Sea; clearly these larger domains include more areas of thin ice.
[22] The wide range of model results shows that there are many differences in how each model has chosen and incorporated forcing data and in their internal representation of the physics. From the model components and forcing data listed in Table 4 , nothing is immediately apparent to explain some of the major differences among models except for the different surface air temperature data set (Jones et al. [1999] in Figure 10a ) used by Chapman et al. [1994] , Hakkinen [1993] , and Flato [1995] (all three shown dotted in Figure  12 ). These three simulations show lower mean thicknesses than the others, which is likely due to the warmer mean temperatures of Jones et al. [1999] . There is no obvious correlation between mean thickness and the ice model components used or whether an ocean model is included. Of course the radiative formulations and treatment of albedo in each of the models would affect mean thickness strongly.
[23] As for interannual variability, the one unanimous feature of the models' response is a strong decline in thickness from 1987 to 1996. The present model shows the strongest decrease: À0.85 m, but even the smallest decrease, À0.60 m, is quite substantial. On other features of the interannual response shown in Figure 12 The standard deviation does not decrease as the averaging length is extended to whole-cruise averages because the cruises are of unequal length and contain different numbers of data points. These standard deviations use the divisor (n À 1) 1/2 . [2002] show an overall maximum in 1965 -1966; other models tend to show only a local maximum in the same period. The forcing in this period ( Figure 10 ) has two features that contribute to a thick ice cover: the mean annual temperature was about 2°C below normal, and the NAO index was strongly negative, meaning that the polar surface anticyclone was strong and ice tended to recirculate longer in the Arctic Ocean before being exported. Evidently the present model is the most sensitive to these interannual differences in temperature and wind patterns. While several models show an overall decline from the mid-1960s to the early 1980s, others show an increase. Those that show a decrease all make use of the NCEP surface air temperature as their thermodynamic forcing function; those that show an increase (Figure 12b ) [Chapman et al., 1994; Flato, 1995] use the Jones et al.
Hilmer and Lemke [2000] and Holloway and Sou
[1999] temperature record. There is, however, no obvious difference between the two temperature records during this period that would explain the different thickness variability. Hakkinen's [1993] simulation uses a seasonal temperature climatology without interannual variation. Holloway and Sou [2002] show five cases with different wind stress and downward longwave formulations.
The 50-year-mean volumes for each of their five cases, V 50 j i , i = 1 to 5, vary by a factor of two. The interannual variations, however, are quite similar on a percentage basis for all five cases; the range as a percentage of the mean for each 50-year simulation varies narrowly from a high of 31% (in their case a) to a low of 26% (in their case e).
Conclusions
[24] Models and observations show compelling agreement that ice thickness declined from the late 1980s through 1997. Our modeled trend during 1987 -1997 is À0.08 to À0.14 m yr À1 in the Transpolar Drift Stream and about half that elsewhere (Figure 11 ). The rate of decrease in other simulations is somewhat smaller. These decreases are the same size found in submarine ice draft observations (Table  1) in general but not at the North Pole. The draft observations in Figure 5a have a trend of À0.16 m yr À1 in winter; the downward summer trend apparent in the figure is likely due to bias from the location of the 1997 cruise track (section 2). These trends suggest that the bulk of the decrease of 1.3 m from the 1960s to the 1990s [Rothrock et al., 1999] occurred between the late 1980s and the 1990s [Tucker et al., 2001] . This view is supported by our modeled thickness in Figure 3a .
[25] What is happening now? Modeled thickness in the western Arctic Ocean continued its decline through 1998. Our model indicates some recovery in the eastern Arctic Ocean and overall since 1996. We see no convincing argu- Rheologies: V, viscous; E, elastic; P, plastic; G, granular. PW refers to surface heat balance parameterized following Parkinson and Washington [1979] . Layer refers to the resolution of heat content vertically through the ice thickness; 0-layer is the model in the appendix of Semtner [1976] . The downward longwave formulation differs from that of Parkinson and Washington [1979] . ment that the decline through 1996 should be extrapolated as a prediction of future behavior. The most recent ice draft observations reported are more than 4 years old. Updating and filling in the observational record with satellite altimeter data, and very recent (1998 to 2000) and historical (from the 1960s and 1970s) submarine observations would help clarify the picture, as would a public archive containing all moored sonar observations of ice draft.
[26] Although models agree that there was a strong decrease from the late 1980s through the mid-1990s, they disagree on the earlier record. In most models maxima appear in the mid-1960s and the late 1970s.
[27] Our model shows greater interannual variability than other models but less than is seen in the observations. There is substantial disagreement between observations and our model in the spatial structure of the ice mass field; modeled ice is thicker than observations in the Beaufort Sea, and thinner toward the North Pole.
[28] These results strongly illustrate the need for careful model intercomparison studies and for rigorous assessments of models vis-a-vis the growing data sets of ice draft, motion, extent, and concentration. Simple estimates of the errors in the fields produced by the conglomerate model and forcing data are a first step, but tests that isolate individual components of the model physics (e.g., atmospheric or oceanic drag coefficients, or ice rheology, or albedo or radiation formulations) or that directly evaluate the quality of forcing data will be the most useful in showing how to improve our model-based understanding of the ice cover.
Appendix A
[29] The coupled ice-ocean model consists of a 12-category thickness and enthalpy distribution (TED) sea-ice model and an ocean model with an embedded mixed layer. The ocean model is described by Zhang et al. [1998] . The TED sea-ice model consists of five main components: a momentum equation that determines ice motion, a viscousplastic ice rheology [Hibler, 1979] with an elliptical yield curve that determines the relationship between ice internal stress and ice deformation, a heat equation that determines ice growth/decay and ice temperature, two (ridged and undeformed) ice thickness distribution equations that conserve ice mass [Flato and Hibler, 1995] , and an enthalpy distribution equation that conserves ice enthalpy [Zhang and Rothrock, 2001] . The heat equation is solved, over each category, using Winton's [2000] three-layer thermodynamic model, which divides the ice in each category into two layers of equal thickness beneath a layer of snow.
[30] Accompanying the ice model is a snow model described in terms of snow thickness distribution g s (h). The snow conservation equation, the treatment of the snow thickness distribution, and the treatment of the thermodynamics at the ice/snow/ocean surface, including surface albedo, follow Flato and Hibler [1995] with the snow and ice thermodynamic parameters of their standard case. The parameters governing the ridging process, such as the frictional dissipation coefficient, the ridge participation constant, and shear ridging parameter, also follow Flato and Hibler [1995] .
[31] The model domain covers the Arctic Ocean, Kara, Barents, and Greenland-Iceland-Norwegian seas. It has a horizontal resolution of 40 km Â 40 km and 7349 cells covering an area of 11.76 Â 10 6 km 2 . It has 21 ocean levels, and 12 thickness categories each for undeformed ice, ridged ice, ice enthalpy, and snow. The partition of ice thickness categories and the model domain and bottom topography is given by Zhang et al. [2000] .
[32] Daily surface atmospheric forcing is used to drive the model from 1948 to 1999. The forcing consists of geostrophic winds, surface air temperature, specific humidity, and longwave and shortwave radiative fluxes. They are calculated following Parkinson and Washington [1979] using sea level pressure and surface air temperature fields provided by NCEP reanalysis project for 1948 -1978 and, for 1979 -1999 , using pressure and temperature from the IABP [see Rigor et al., 2000] . Model input also includes river runoff and precipitation as detailed by Zhang et al. [1998] . The wind stress denoted as a complex number is, t a = r a C a jGjGe if , where r a is the density of air, the atmospheric bulk drag coefficient C a is 0.0012 * a C , and a C varies sinusoidally from a minimum of 0.50 on 1 January to a maximum of 1.00 on about 1 July [Ip, 1993, solid curve in Figure 6 .7a]. The turning angle f, positive to the left of the surface geostrophic wind vector G, varies from a maximum of 30°on 1 January to a minimum of 20°o n about 1 July [Ip, 1993, solid curve in Figure 6 .7b].
